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Individuals with autoimmune rheumatic diseases (ARDs) are at a higher
cardiovascular (CV) risk due to systemic inflammation, which contributes to
endothelial dysfunction, atherosclerosis, and structural changes in the vessel
walls. Along with traditional CV risk factors like dyslipidaemia, arterial
hypertension, obesity, and impaired glucose metabolism, these patients have a
severe prognosis with higher CV morbidity and mortality rates. To date, there is
limited data on the optimal CV screening methods for individuals with ARDs, as
conventional risk algorithms may underestimate the influence of chronic
inflammation. In comparison to macrovascular assessment methods, such as
carotid-femoral pulse wave velocity and carotid sonography, microvascular
changes, which may precede macrovascular disease, have been less investigated.
The ocular microvasculature reflects systemic vascular health and can reveal early
signs of CV disease. Changes in retinal vessels have been linked to an increased
long-term risk of CV mortality and ischemic stroke in longitudinal studies of the
general population, such as the large Atherosclerosis Risk in Communities (ARIC)
study. Additionally, various cross-sectional and follow-up studies in patients with
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ARDs have demonstrated associations between ocular vessel changes, traditional
CV risk scores, and disease-related characteristics, suggesting a potential role for
ocular assessments in CV risk screening. In this review work, research from 26
studies retrieved from the PubMed and Web of Science databases has been
highlighted. Herein, we evaluate the techniques of retinal vessel analysis (RVA),
optical coherence tomography angiography (OCT-A), spectral domain-OCT (SD-
OCT), and retrobulbar color Doppler. Specifically, we examine the available data on
their associations with key CV risk factors, systemic inflammation, surrogate CV
markers, and traditional CV risk scores. Furthermore, we discuss their potential
diagnostic value in both ARDs and the general population. Despite current
limitations, such as small sample sizes and methodological heterogeneity, initial
findings suggest that these techniques may provide valuable insights into
microangiopathy and CV risk. Future research should focus on larger, well-
designed longitudinal studies to establish their prognostic value and potential
integration into clinical practice.

KEYWORDS

retinal vessel analysis (RVA), optical coherence tomography angiography (OCT-A),
spectral domain optical coherence tomography (SD-OCT), retrobulbar color Doppler,
microangiopathy, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA),

systemic sclerosis (SSc)

1 Introduction

Rheumatic diseases originate from autoimmune mechanisms,
whereby the immune system mistakenly attacks the body’s own
tissues (1). These diseases are characterized by chronic
inflammation affecting various organs, occurring as a result of a
genetic predisposition and environmental triggers (1). Systemic
inflammatory diseases, such as arthritides and connective tissue
disorders, are associated with an increased risk of comorbidities
including CV events (e.g. stroke, coronary artery occlusion
myocardial infarction) (2-7). Additionally, these diseases are
linked to increased morbidity and mortality rates (8-13). Patients
with systemic lupus erythematosus (SLE) face a twofold increased
risk of CV mortality, while those with rheumatoid arthritis (RA)
have a 1.5-fold higher risk of CV events (14). Chronic systemic
inflammation underlies endothelial dysfunction and accelerated
atherosclerosis (15, 16).

Additional factors contributing to the higher CV risk in
rheumatic diseases include anti-inflammatory therapies like
glucocorticoids, which may cause dyslipidemia, hypertension, and
a diabetic metabolic state (17). Research in SLE and other ARDs
suggests that ongoing systemic inflammatory may accelerate
atherosclerosis and increase CV risk, even during disease
remission. Evidence indicates that CV events occur up to two
years prior to the formal SLE diagnosis (15). These findings
highlight the need for surrogate markers to identify patients at
risk, enabling early intervention and improved outcomes.
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1.1 Traditional risk scores

Many traditional CV risk assessment scores, such as Systematic
Coronary Risk Evaluation (SCORE/SCORE2), the Prospective
Cardiovascular Miinster Study (PROCAM) score, and the
Framingham Risk Score (FRS) (18-20) were developed for the
general population. They depend on major modifiable CV-risk
factors (18, 21, 22). SCORE/SCORE2 estimates 10-year CV risk in
Europeans aged 40 to 69 without a history of CVD or diabetes, with
SCORE2-OP involving those aged 70 and above. It considers blood
lipid values, systolic blood pressure, age, sex, and smoking (23, 24).
The European Alliance of Associations for Rheumatology (EULAR)
recommends SCORE2 for assessing CV risk in patients with RA,
axial spondylarthritis (AS), and psoriatic arthritis (PsA), using a 1.5
multiplication factor to adjust for RA (25, 26).

The PROCAM score, which is used in Germany, focuses on
coronary heart disease (CHD) risk and includes lipid values, systolic
blood pressure, smoking, family history, and diabetes (27). The FRS
estimates 10-year CHD risk based on variables like blood pressure
and cholesterol (28, 29). To improve screening for connective tissue
diseases, additional factors like mental illness, SLE, RA, chronic
kidney disease, atrial fibrillation and family history of CVD were
included in the modified FRS and SCORE and new scores such as
QRISK2 and QRISK3 were introduced (30, 31). However, evidence
is limited on whether scores developed for the general population
could apply accurately to rheumatic patients, and the efficacy of
these adjusted scores in predicting CV risk remains inconclusive
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(25, 26, 32, 33). This highlights the need for further surrogate
markers for a more precise CV risk assessment (34).

1.2 Surrogate CV markers

Most studies on surrogate CV markers focus on large vessels,
including arterial stiffness, carotid sonography, Ankle-Brachial-
Index (ABI)-Doppler and other macroangiopathy indicators
(35-41). Our research group and others have examined carotid-
femoral pulse-wave velocity (cfPWV) and carotid sonography in
ARDs, such as RA (42), PsA (43), mixed connective tissue disease
(44), SLE (45), antisynthetase syndrome (33), idiopathic
inflammatory myopathies (46) and fibromyalgia (47).

Traditional risk factors

v
' 4

FIGURE 1

Endothelial dysfunction

cardiovascular disease

10.3389/fimmu.2025.1543157

Conversely, data concerning arterial alterations of the
microvasculature are scarce. Nevertheless, the link between
microvascular and macrovascular changes has been established,
with endothelial dysfunction as a critical initiating factor in a
deleterious cycle (48-51) (Figure 1). In a recent review by Hysa
et al. (52), the authors discuss how ARDs lead to ocular
microvascular damage through immune complex formation,
complement activation, and antibody-mediated endothelial injury.
This endothelial dysfunction in ocular vessels reflects broader
vascular involvement, suggesting that retinal microvascular
changes could serve as early indicators of systemic vascular damage.

Importantly, arterial stiffness in the microvasculature of target
organs can lead to CV complications, such as isolated systolic
hypertension and increased pulse pressure (53, 54). Retinal vessels

Non-traditional risk factors
in autoimmune diseases

Vicious circle of endothelial dysfunction in ARDs (48, 49). Endothelial dysfunction, driven by traditional and non-traditional risk factors, plays a pivotal
role in macro- and microvascular changes, contributing to significant cardiovascular morbidity and mortality. From a pathophysiological standpoint,
microvascular dysfunction may serve as a precursor to large artery remodeling, as chronic inflammation could accelerate the atherosclerotic
process. Conversely, the stiffening of large vessels amplifies pulsatile pressure transmission to the microvasculature, causing damage to
microvascular beds and end organs, thus creating a vicious cycle between small and large vessels. Anti-CCP: anti-cyclic citrullinated peptide; anti-
oxLDL: anti-oxidized low-density lipoprotein; TNF-o: tumor necrosis factor-alpha; IL: interleukin; ENA-78: epithelial neutrophil-activating protein-
78; groo: growth-regulated oncogene-alpha. (adapted from 48).
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are particularly suitable for assessing microvascular health, and
the retinal vascular phenotype has been shown to be predictive
of CV risk (55). Methods like static and dynamic retinal vessel
analysis (SRVA, DRVA) have been extensively studied in the
general population (55). Additionally, advanced ocular
examinations, such as optical coherence tomography with
angiography or analysis with a spectrometer (56-58) and doppler
ultrasound of ocular vessels have been employed to determine
retinal blood flow and vascular resistance in cross-sectional
studies (59-61).

Interestingly, data on ocular markers of angiopathy and CV risk
in rheumatic diseases are limited and have not yet been collectively
presented. This review provides an overview of the existing studies
on retinal vessel examination methods and their potential value in
assessing CV risk in ARDs.

2 Pathophysiology

The microvasculature encompasses the smallest components of
the circulatory system, consisting of blood vessels with diameters
less than 300 um (62). It comprises arterioles, capillaries, and
venules, which facilitate the delivery of oxygen and nutrients to
tissues while enabling the removal of metabolic waste products.
These vessels allow essential exchange between the bloodstream and
surrounding cells, crucial for maintaining tissue and organ
functions. Moreover, they are involved in the regulation of
immune responses within the body (63). Endothelial cells, in
conjunction with the smooth muscle cells that coat the vessels,
are responsible for maintaining vessel tone and regulating blood
flow. Their function is highly dependent on oxygen (62-64). Should
vessel alterations occur, in terms of vascular density or morphology,
the viability of the surrounding tissue and organs can be jeopardized
(65, 66). Endothelial dysfunction, characterized by the production
of reactive oxygen species (ROS) and reduced availability of nitric
oxide (NO), is a pivotal mediator influenced by intrinsic factors
within endothelial cells (63, 67). It is postulated that these ROS,
which are triggered by CV risk factors such as smoking,
hypertension, and hyperglycemia, initiate a cascade of
angiopathy-associated events (67). Initially, these processes
contribute to endothelial dysfunction, which subsequently leads to
arteriolosclerosis and atherosclerosis (67). The impairment of the
small vessels due to structural changes, functional dilatation, and
platelet activation or thrombotic microangiopathies leads to an
increase in vascular resistance, and thus to reduced perfusion of
end-organs, such as the eyes, kidneys, lungs, brain and heart
(67-70) (Figure 2).

Embryologically, the retina originates from diencephalon, as
does the optic nerve. Consequently, there are similarities between
the central nervous system and the cerebrovascular bed (55).
Similar to the blood-brain barrier (BBB), there is also a blood-
retina barrier, which is intended to protect the vulnerable retinal
tissue from potential insults (e.g. immune cells, larger molecules).
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However, the permeability of the blood-retina barrier is greater than
that of the BBB, which is why the retina is more exposed to
oxidative stress (55, 71). This explains why the retina is
susceptible to systemic CV risks, as ROS play a crucial role in the
pathogenesis of atherosclerosis and manifestation of CVD (72, 73).
One of the earliest signs of arterial hypertension are microvascular
changes, such as an impaired vasomotor function, which can lead to
enhanced vasoconstriction or reduced vasodilation. Additionally,
there may be anatomic alterations, such as tortuosity, and a
rarefaction of arterioles or capillaries. The narrowing of retinal
arterioles is indicative of an elevated systemic vascular tone (74).
A substantial body of evidence has demonstrated a robust and
independent correlation between blood pressure and arteriolar
narrowing of retinal vessels (75-77). Therefore, the retinal vessels
represent an intriguing interface, wherein the association of
alterations in retinal microvascular endothelial dysfunction with
systemic CV risk factors can be estimated (78, 79).

3 Methods

We employed a search strategy to identify relevant literature
(Figure 3). Given the limited data available on ARDs, we included
various study designs, such as cross-sectional and longitudinal
studies, as well as case-cohort and registry-based analyses.
Additionally, relevant long-term follow-up studies and meta-
analyses from the general population were considered. We
focused on rheumatic diseases with a well-documented and
prominent microangiopathy, such as systemic sclerosis (SSc) and
systemic lupus erythematosus (SLE). Moreover, we included the
most common inflammatory arthritis, rheumatoid arthritis (RA),
due to its high prevalence and established association with
cardiovascular (CV) risk. Our selection was guided by both the
availability of relevant studies and the strength of the association
between these diseases and vascular changes.

Following the PICO framework, we considered SLE, RA and
SSc, as the patient/population (P), retinal vessel examination as the
intervention (I), a healthy population as the control group/
comparison (C), and microangiopathy or CV risk as the outcome
(O). The search was performed on PubMed and Web of Science
from 14 November 2023 to 21 June 2024 with the following
inclusion criteria: all relevant studies, written in English language,
published after 1990. Case reports and papers with only published
abstracts were excluded. We first used the key words “retinal vessel”,
“cardiovascular risk”, as well as (“rheumatoid arthritis” OR
“systemic lupus erythematosus” OR “systemic sclerosis”) linked
with the Boolean operator AND. This yielded a total of 8 results on
PubMed and 11 on Web of Science. Consequently, the search terms
were modified by employing truncation in the keyword strategy, in
order to expand the search results. The combination of the

*” and “cardiovascular risk” in combination

keywords “microvasc
with “rheumatoid arthritis” OR “systemic lupus erythematosus” OR

“systemic sclerosis” produced a total of 130 results on PubMed and
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FIGURE 2

Initiation and consequences of microvascular disease (69, 70). Several factors including smoking, dyslipidemia, diabetes mellitus, arterial
hypertension and reduced kidney function, contribute through multiple mechanisms to microvascular damage, ultimately leading to the
development and progression of end-organ dysfunction. CAD, coronary artery disease; GFR, glomerular filtration rate; LVH, left ventricular
hypertrophy; SVD, small vessel disease (adapted from Farrah et al., 2020).

267 on Web of Science. Restricting the research to results published
in the last two decades and including only full-text publications in
English yielded 123 publications on PubMed and 218 on Web of
Science, respectively. Subsequently, the keyword combination was
modified, in order to retrieve further useful results. This involved

L -
exchanging “microvasc

Frontiers in Immunology

with “ocular” or “retinal”, resulting in

additional 74 results. Following manual exclusion of duplicate
records and unretrieved items, a total of 253 records were
subjected to further analysis. After excluding results that did not
meet inclusion criteria or were irrelevant, 29 full-text articles were
identified, of which 3 could not be retrieved. In total, 26 articles and
studies were included in this review.
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PRISMA 2020 flow diagram (125).

4 Methods of assessment of ocular
microangiopathy markers

4.1 Retinal vessel analysis (RVA)
4.1.1 Definition of RVA

RVA is a non-invasive and non-mydriatic assessment method
that employs ocular fundus vessel photography to calculate the
diameters of retinal arterioles and venules. It involves the
examination and measurement of the smallest blood vessels in the
retina. Using a dedicated camera, RVA can be conducted either
statically (capturing a single picture) (Figure 4) or dynamically
(taking a series of pictures, after stimulating the regulation
mechanism with a stimulus such as flicker light). Subsequently,
the generated image is evaluated using specialized software, such as
the “Vesselmap Analysis” (62).

The diameters of the retinal vessels are automatically measured,
and vascular parameters are typically calculated using the formulas
described during a large long-term epidemiologic study aimed at
investigating the causes and risk factors for CVD, the ARIC study
(80). This study included approximately 15,000 participants from
four communities in the United States and documented various
traditional CV risk factors, including high blood pressure, diabetes,
and lifestyle habits to evaluate the diagnostic value of RVA in the

Frontiers in Immunology

assessment of the risk for myocardial infarction, stroke, and other
CVD (80). The study found an important association between mean
arterial pressure (MAP) with AVR which decreased after every 10
mmHg increase in MAP. The diameters of the retinal vessels were
calculated in accordance with the dimensions and hemodynamics
of the retinal microvasculature, employing a formula to quantify
vessel narrowing as an arteriolar-venular ratio (AVR) (80, 81). To
facilitate comparison of arteries across different eyes, the width of
the central retinal artery (CRA), considered as the main trunk, was
calculated based on measurements of all retinal arteries. Similar
measures were performed for the venous caliber (81). These
parameters are commonly expressed as central retinal venular
equivalent (CRVE), central retinal arteriolar equivalent (CRAE),
and AVR. The ratio of CRAE and CRVE is used to calculate
the AVR and these parameters are used to quantify the average
of the retinal vessels. The equivalents represent the central
arterial inflow and venous outflow of the retina. The AVR serves
as a marker reflecting the regulatory state of the retinal
microcirculation (80, 81).

Imaging of constricted retinal vessels can provide information
about ocular vascular impairment, thus serving as a surrogate
marker for potential subclinical arteriosclerosis in the small
vessels (67, 80). Software used for analysis is presented
in (Table 1).
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FIGURE 4

10.3389/fimmu.2025.1543157
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Retinal vessel analysis of a patient with systemic lupus erythematosus (AVR<0.78 associated with higher CV-Risk) (77).

4.1.2 Evidence from the general population
Hubbard et al. (80), in the population-based, cross-sectional

ARIC cohort study, first described a significant correlation between
retinal microvascular changes and MAP. Among 9,040 patients,
focal arteriolar narrowing (OR 2.95, 95% CI 1.87-2.14) and
arteriovenous nicking (OR 1.25, 95% CI 1.16-1.34) were observed
in 7% and 6% of the cases, respectively. Patients with arteriolar
stenosis had an 8 mmHg higher MAP, and patients with nicking
showed a 3 mmHg increase (both p < 0.0001). During a mean
follow-up of 16 years form an ARIC cohort, Seidelmann et al. (77)
showed narrower retinal arteries (HR 1.06, 95% CI 1.01-1.11) and
wider venules (HR 1.13, 95% CI 1.08-1.18) correlated with higher

TABLE 1 Methods of ocular microangiopathy assessment.

long-term risk of death and stroke. In a 15-year follow-up from a
subgroup of the Inter99 study (study of CV and metabolic
characteristics and lifestyle), Drobnjak et al. (82) found narrower
CRAE associated with higher systolic blood pressure (p < 0.001),
age (p = 0.002), and higher HDL (p = 0.003), while wider CRAE and
CRVE were associated to smoking (both p < 0.001). Wong et al. (83)
also confirmed in the Multi-Ethnic Study of Atherosclerosis study
(MESA), within 5979 people between the ages of 45 and 84 residing
in six US communities, associations between wider retinal vessels,
smoking and diabetes. In a subgroup of the MESA study, Kawasaki
et al. found narrower CRAE (OR 1.34) and wider CRVE (OR 1.18)
were related to hypertension development after approximately 3

Software Region of development

Retinal vessel analysis Retinal Analysis (RA) University of Wisconsin, Madison, WI
Integrative Vessel Analysis (IVAN) University of Wisconsin, Madison, WI
Singapore “I” Vessel Assessment (SIVA) National University of Singapore
Vascular Assessment and Measurement Platform for International collaborative project

Images of the Retina (VAMPIRE)

Optical coherence tomography-angiography AngioVue optical coherence tomography angiography Optovue Inc., Fremont, CA, USA
Cirrus HD-OCT Review Software Carl Zeiss Meditec. Inc., Jena, Germany
IMAGEnet Topcon, Japan
OCTAVA National Institutes of Health in Bethesda,
Maryland, USA
Image] National Institutes of Health in Bethesda,

Maryland, USA

Spectral Domain Optical Coherence Tomography Heidelberg Spectralis

Cirrus HD-OCT
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Heidelberg Engineering, Heidelberg, Germany

Carl Zeiss Meditec Inc, Dublin, CA
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years of follow-up (84). Cheung et al. (74) found low HDL
correlated with venous tortuosity, while high blood pressure,
BMI, and age were associated with arterial tortuosity.

To summarize, RVA has been shown to correlate with CV
events (e.g. stroke), CV mortality, and CV risk factors like
hypertension, smoking, diabetes, age, BMI and blood lipids in the
general population. It is therefore considered a non-invasive, easily
reproducible method for assessing cardiovascular risk and potential
disease progression.

4.1.3 Evidence in patients with autoimmune
rheumatic diseases

Data on the value of RVA in rheumatic diseases are relatively
scarce; most studies have employed a cross-sectional design and
small sample sizes.

Lee et al. examined 50 SLE patients and an equal number of
control subjects, matched for age and other CV risk factors,
including BMI, arterial pressure, and cholesterol levels. The
researchers observed narrower CRAE and CRVE and lower AVR
in the patient group compared to controls. However, these findings
did not reach statistical significance (CRAE: 89.7 + 14.5 vs. 102.2 +
11.3 um, p=0.154; CRVE: 127.7 + 14.8 144.1 + 14.2 um, p=0.609;
AVR 0.69 + 0.54 vs. 0.71 + 0.66 p=0.223) (85).

Regarding association with activity indices, Babaoglu et al.
examined 47 RA patients, 32 SLE patients and 45 healthy
controls by RVA after fundus photography (86). The authors
found that elevated CRVE was associated with higher DAS28
values, underscoring an association between disease activity and
retinal microangiopathy in the context of the disease. This can be an
indicator of an association between disease activity and increased
CV risk. Interestingly, this association was independent of CRP
levels, indicating that angiopathy may also be found in the absence
of laboratory inflammatory activity.

Larger meta-analyses, such as that of Liu et al,, have sought to
describe the relationship between inflammatory processes (primarily
reflected in elevated CRP levels) and microcirculatory changes in the
retina (87). This meta-analysis included 36 studies and tried to
investigate whether there was an association between inflammation
and altered retinal microvascular parameters in the general healthy
population compared to patients with inflammatory diseases. The
analysis included cohorts of patients with ARDs, such as RA and SSc,
as well as CVD, high arterial pressure, obesity, type 2 diabetes
mellitus, and acquired immunodeficiency syndrome (AIDS). A link
between CRP and venous caliber was described in just over 20 studies.
In summary, no evidence could be shown for the connection between
retinal arteriolar caliber and CRP. However, there was a correlation
between venous caliber and CRP (r = 0.09, 95% CI 0.05 to 0.12).

Interestingly, in patients with ARDs an association between
elevated CRP and retinal parameters was only demonstrated in one
of the two included RA studies. In this study, it was reported that
CRAE was inversely associated with CRP (r = —0.293, p = 0.007).
Moreover, retinal venular width correlated weakly with CRP levels
(r= 0218, p = 0.048) (88).

In another study, 26 patients with RA were examined using
static RVA, alongside 13 patients with PsA and 12 patients with
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SpA (89). This patient cohort exhibited impairment of the retinal
microvasculature. Specifically, when considering the entire cohort
of rheumatic diseases, patients exhibited significantly higher CRVE
values compared to a healthy control group, indicating wider
venular diameters (Median 221 pum vs. 215 um, p = 0.01 vs. 215
um (IQR 196, 223); p = 0.01). Importantly, the patients included in
this study were carefully selected to ensure the absence of any classic
CV risk factors, such as arterial hypertension. Moreover, the study
explored a potential relationship between physical activity
(measured by a questionnaire) and vascular changes. Remarkably,
just one additional hour of physical exercise per week was found to
result in a notable reduction in CRVE, even after adjusting for age,
gender, and BMI (CRVE of -0.59 pm; IQR -1.10, -0.08; p = 0.02).
Interestingly, these patients did not show any abnormalities in large
artery stiffness. Thus, it was postulated that retinal vessel analysis
could be a sensitive biomarker to unmask vascular impairments,
even in the absence of classic CV risk factors and unremarkable
large artery examinations (Table 2).

We were not able to find RVA studies specifically in patients
with SSc.

To summarize, RVA is a non-invasive method for assessing
microvascular health by measuring the diameters of retinal
arterioles and venules. It provides important insights into CV
risk, as retinal vessel changes, such as narrowed arterioles
(expressed by lower values of CRAE) and widened venules
(expressed by higher values of CRVE), have been linked to
elevated blood pressure, smoking, systemic inflammation, and CV
surrogate markers/scores. While RVA has shown significant
correlations with traditional CV risk factors in the general
population, its application in ARDs remains underexplored.
However, available studies suggest that retinal microvascular
impairment may serve as an early marker of CV risk in these
patients, particularly in relation to disease activity and
inflammatory markers.

4.2 Optical Coherence Tomography
Angiography (OCT-A)

4.2.1 Definition of OCT-A

OCT-A is a non-invasive method of blood flow measurement,
especially the microcirculation of the posterior segment of the eye,
i.e. retina and choroid. This is achieved by visualizing perfused
vessels based on the flow registration of their erythrocytes,
eliminating the need for injection of fluorescent substances
(fluorescein angiography) (56). The perfusion can be visualized in
a three-dimensional imaging (Figures 5, 6). The retinal ganglion
cells (ganglion cell layer) and their nerve fibers (retinal nerve fiber
layer) are supplied by the superficial vascular plexus. The deep
vascular plexus is responsible for the inner plexiform, the inner
nuclear and the outer plexiform layers, which contain the bipolar,
amacrine and horizontal cells, connecting photoreceptors with
retinal ganglion cells. The outer retinal layers, anatomically
corresponding to the photoreceptors, do not include a vascular
network. They are supplied by the choriocapillaris and the medium
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TABLE 2 Selection of studies regarding the value of ocular microangiopathy markers in autoimmune rheumatic diseases.

Authors

Number

of patients

Disease

Main results

Statistical
significance

RVA

OCT-A

Deiseroth
et al. (89)

Anyfanti
et al. (88)

51

87

RA & Spondylarthritis

Patients exhibited significantly higher CRVE values
compared to healthy controls [median 221 pm
(interquartile range (IQR) 211, 231) vs median 215
um (IQR 196, 223)].

CRAE and AVR were decreased in patients compared
to controls (78.8 £ 8.9 vs 90.2 + 9.9 um and 0.69 +
0.09 vs 0.81 + 0.09, respectively). CRAE and AVR
were inversely associated with CRP (r=-0.293, r=
—0.449, respectively). CRVE correlated positively with
CRP (r = 0.218).

p=0.01

All, p<0.05

Babaoglu
et al. (86)

Lee et al. (85)

Ayar et al. (93)

Lee et al. (92)

47

50

106

12

SLE

Elevated CRVE was associated with higher DAS28
(when DAS28>5.1, CRVE=220.4 pm, and when
DAS28< 3.2, CRVE=214.4 um)

Narrower CRAE (89.7 + 14.5 vs. 102.2 + 11.3 um)
and CRVE (127.7 + 14.8 vs. 144.1 + 14.2 pm) and
lower AVR (0.69 + 0.54 vs. 0.71 * 0.66) in the patient
group compared to controls.

Retinal capillary plexus density in the macula of
patients was lower than in healthy controls (50.99 +
3.30 vs. 52.08 + 2.36% in the SCP, 55.65 + 5.73 vs.
57.53 + 4.60% in the DCP).

Macular retina vascular density and total
microvascular density were lower in patients
compared to control group.

p=0.03

p=0.154,
p=0.609,
p=0.223,
respectively

Both, p<0.05

Both, p<0.001

Arfeen et al. (96)

Ferringo
et al. (98)

Carnevali
et al. (99)

20

43

20

SLE

SLE

SSc

Reduction of vessel densities in superficial and deep
plexus macula regions in patients compared to
controls (51.33 + 3.48 vs. 53.19 + 1.10% in the SCP,
52.28 + 6.87 vs. 62.02 = 1.89% in the DCP).

Reduced vessel density in both superficial and deep
retinal vessels of patients compared to healthy
controls (50.1 + 5.6 vs. 53.0 + 2.3% in the SCP, 55.4 +
7.0 vs. 58.6 + 5.4% in the DCP).QRISK3 score and
IMT were identified as independent risk factors for
changes in the retinal vessels

Reduced vessel density of the deep capillary plexus in
patients compared to controls (47.29 + 3.49 vs. 50.81
+3.71%)

p=0.037,
p<0.001,
respectively

Both, p<0.05

p=0.00

Hekimsoy
et al. (100)

45

SSc

The vessel densities of the superficial and deep
capillary plexus were lower in patients compared to
controls (49.79 +3.47 vs. 51.49 + 2.89% in the SCP,
51.56 + 6.52 vs. 52.44 + 5.43% in the DCP).

Both, p<0.05

SD-OCT

Retrobulbar
color Doppler

Bao et al. (58)

Pieklarz et al.
(113, 114)

Kal et al. (60)

Unal et al. (120)

46

33

20

25

SLE

SSc

The density of the retinal capillary plexus was lower in
patients than controls (5.3 + 0.5 vs. 5.8 £ 0.5% in the
SCP, 7.0 £ 0.6 vs. 7.4 + 0.7% in the DCP).

The peripapillary choroidal vascularity index was
significantly lower in patients compared to controls
(64.25+1.94 vs. 65.73 +2.12).

PSV and RI values of patients were higher for the
ophthalmic artery and CRA than controls.

Positive correlation was observed between the RI of
the ophthalmic artery and DAS 28 (r=0.199).

Both, p<0.05

p<0.001

All, p<0.05

p=0.02

Erdogmus
etal. (121)

35

Significant differences were observed in PSV, EDV,
and RI of the ophthalmic artery and OA, as well as RI
of the CRA between the control and patient groups.

All, p<0.05
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TABLE 2 Continued

Method Authors Number Disease Main results Statistical
of patients significance

Xue et al. (122) 30 SLE Decreased blood flow velocity in patients along with p<0.05
increased RI and PI in the PCAs and CRA.

Modrzejewska 43 SLE Increase in RI in the patient group compared to the p<0.01
et al. (123) controls in all measured arteries.

Wright 54 SLE Difference in the morphology of the velocity p<0.05
et al. (124) waveform was observed in patients compared to

controls, particularly in the ophthalmic artery and
the CRA.

RVA, Retinal Vessel Analysis; CRVE, central retinal venular equivalent; CRAE, central retinal arteriolar equivalent; AVR, arteriolar-to-venular ratio; CRP, C-reactive protein; DAS28, disease
activity score 28 joints; OCT-A, Optical Coherence Tomography Angiography; SCP, superficial capillary plexus; DCP, deep capillary plexus; SD-OCT, Spectral Domain Optical Coherence
Tomography; PSV, peak systolic flow velocity; RI, resistance index; CRA, central retinal artery; EDV, end diastolic flow velocity; OA, ophthalmic artery; PI, pulsatility index; PCAs, posterior
ciliary arteries.

and large vessels of the choroid. The number of volume scans taken ~ demonstrated consistent detection of microaneurysms (capillary
around the fovea varies depending on the method employed (56).  saccular outpouchings, early sign for diabetic retinopathy),
Software used for analysis is presented in (Table 1). intraretinal microvascular abnormalities (capillary shunt vessels to
provide blood flow in non-perfused areas), non-perfused areas

4.2.2 Evidence from the general population (areas of retinal ischemia due to retinal vessel occlusion, causing
In a group of patients with diabetic retinopathy, retinal vascular ~ neovascular disease), increase of the foveal avascular zone (FAZ)
occlusion and age-related macular degeneration, OCT-A  (sign of capillary occlusion around the generally avascular foveal

medium/large choroidal
vessels

FIGURE 5

Optical coherence tomography of the macula with labeled retinal layers; left side: layers of structural optical coherence tomography (OCT); right
side: layers of optical coherence tomography-angiography (OCT-A). Abbreviations, listed from inner to outer layers, from left section (OCT) to right
section (OCT-A): ILM, internal limiting membrane; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, internal plexiform layer; INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; PR, photoreceptor layers; BM, Bruch
membrane; CC, choriocapillaris; SVC, superficial vascular complex/plexus; DVC, deep vascular complex/plexus; AC, avascular complex.
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Vitreoretinal interface

FIGURE 6

10.3389/fimmu.2025.1543157

En-face view of the different layers in OCT-A. Abbreviations: SVC, superficial vascular complex/plexus; DVC, deep vascular complex/plexus; AC,

avascular complex.

zone) and neovascularization (retinal-choroidal hypoxia leads to
vascular ingrowth by release of vascular growth factors) (56).

Sun et al. conducted a case-control study involving 94 eyes from
participants with systemic hypertension and 46 eyes from healthy
controls. The study found that hypertensive subjects exhibited a
significant reduction in macular vessel density in both the superficial
[OR 0.02; 95% CI, 0 to 0.64; p = 0.027] and deep venous plexuses [OR
0.03; 95% CI, 0 to 0.41; p = 0.009], along with an enlargement of the
deep avascular zone of the fovea compared to controls. These findings
suggest that hypertension is associated with reduced retinal vessel
density and an increased avascular zone, particularly in the deep
venous plexus, as observed using OCT-A. This highlights OCT-A asa
promising clinical tool for monitoring hypertensive damage and
identifying patients at risk (90).

Importantly, these associations have also been seen in the
context of further explorations and ultimately in a meta-analysis
evaluating the results of 11 studies on the topic (84). In this meta-
analysis it could be shown that the eyes of patients with systemic
hypertension have a significantly lower superficial and deep vessel
density in the macula compared to healthy control groups. These
findings indicate that the OCT measurement approach may offer
insights into preclinical microvascular alterations and a connection
to an important modifiable CV-risk factor.

To conclude, OCT-A findings in the small retinal vessels could
potentially serve as biomarkers for CVD risk stratification related to
hypertensive damage in end organs such as the brain, heart, and
kidneys (91).

4.2.3 Evidence in patients with autoimmune
rheumatic diseases
4.2.3.1 Rheumatoid arthritis

Lee et al. conducted a cross-sectional study in 12 RA patients,
demonstrating that macular retina vascular density in various
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subregional superficial retinal layers, as measured by OCT-A, was
lower compared to an age- and sex-matched control group
(superficial microvascular density: 1.72 + 0.07 vs 1.88 + 0.017 and
total microvascular density: 1.71 £ 0.052 vs. 1.78 + 0.027; both p <
0.001). Moreover, a reduction in vessel density was observed in the
deeper retinal layers (92).

Ayar et al. employed a comparable methodology, examining the
correlation between OCT-A outcomes and RA disease activity in a
cross-sectional study comprising 106 RA patient eyes and 71
healthy control eyes (93). They found that retinal capillary plexus
density (CPD) in the macula of RA patients was lower than in
healthy controls (50.99 +3.30% in RA vs. 52.08 +2.36% in HC,
p =0.013). No significant difference was found between active and
inactive RA patients (51.01 £2.92% in active vs. 50.97 +3.73% in
inactive RA, p = 0.947).

The clinical relevance of the above observations is not yet clear.
The lower vessel density might be a precursor for retinal vasculitis,
which however is a rare complication in RA (94). It further may
serve as an early biomarker to detect RA-related ocular involvement
(92). Still, RA-related complications need to be distinguished from
medication side effects, as hydroxychloroquine/chloroquine may
cause retinopathy, which may be accompanied by increased FAZ
and decreased vessel density in OCT-A (94, 95).

4.2.3.2 Systemic lupus erythematosus

In a cross-sectional observational study, Arfeen et al. evaluated
retinal microvascular density in 20 female SLE patients and 20
female control subjects, after excluding patients exhibiting signs of
retinopathy (96). The objective was to correlate vascular density
with disease activity and damage risk. The findings revealed no
statistically significant differences in central foveal thickness (CFT)
and FAZ between SLE patients and controls (p > 0.05).
Nevertheless, a slight reduction in vessel densities in both
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superficial and deep plexus macula regions was observed in the SLE
patient group (superficial (whole): 51.33 + 3.48 vs. 53.19 + 1.10, p =
0.037; deep (whole): 52.28 + 6.87 vs. 62.02 + 1.89, p < 0.001).
Additionally, an inverse correlation between the SLICC/ACR SDI
and vessel density in some macula sectors (p > 0.05) was found. The
study concluded that OCT-A can non-invasively assess retinal
vessel density, allowing for early detection of altered retinal
circulation. The authors suggested that OCT-A could be useful in
evaluating disease activity and damage score in SLE patients.

Conigliaro et al. compared a total of 52 eyes of SLE patients to
40 eyes of healthy controls via OCT-A and found reduced retinal
microvascular density in SLE patients, particularly in those with
kidney involvement (p = 0.02 and p = 0.008) (97). They concluded
that vessel density could serve as a quantitative metric for capillary
network health, with correlations observed between vessel density
and age, best-corrected visual acuity, as well as SLE disease activity
and damage accrual. Additionally, the authors proposed that
hydroxychloroquine may confer a protective effect on
microvascular structures.

In a further cross-sectional study, Ferringo et al. highlighted the
increased CV risk in 43 SLE patients, assessed using ACC/AHA and
FRS guidelines, and its impact on vascular density measured with
OCT-A (98). A negative correlation was observed between deep
vessel density and systolic blood pressure (p = 0.011), cIMT (p =
0.027), age (p = 0.001) and QRISK3 Score (p < 0.001). An age- and
sex-adjusted multivariate analysis verified that QRISK3 score (p =
0.049) and IMT (p = 0.039) were independent risk factors for reduced
retinal vessel density. Additionally, they found higher triglycerides (p
= 0.019), FRS (p = 0.008) and reduced vessel density in both
superficial (p < 0.001) and deep (p = 0.005) retinal vessels
compared to healthy controls (n=34). Importantly, the authors
assume that despite low or moderate QRISK3 and FRS levels, SLE
patients show striking retinal vascular changes that correlate with
subclinical atherosclerosis. These findings suggest that optical OCT-A
could play an important role in assessing preclinical cardiovascular
involvement in SLE that classic risk scores possibly underestimate.

4.2.3.3 Systemic Sclerosis (SSc)

In a study comprising 20 SSc patients and 20 healthy subjects,
Carnevali et al. showed a significantly reduced vessel density of the
deep capillary plexus DCP-VD in the SSc group in the whole scan
(mean (S.D.) = 47.29 (3.49), p < 0,01) and in the perifoveal (mean
(S.D.) =49.07 (3.02), p < 0,01), superior (mean (S.D.) =49.41 (3.21),
p = 0,02), inferior (mean (S.D.) = 48.72 (3.04), p < 0,01), nasal
(mean (S.D.) = 49.46 (3.10), p = 0,01) and temporal (mean (S.D.) =
49.53 (3.33), p = 0,02) regions (99).

In accordance with these findings, Hekimsoy et al. conducted a
study involving 45 SSc patients and 45 control subjects (100). The
results demonstrated a significant reduction in subfoveal choroidal
thickness (SFCT) in SSc patient’s eyes on OCT when compared to
healthy subjects (274.47 + 35.88 vs. 300.95 + 28.06 p < 0,001). This
further supports the effectiveness of OCT-A in visualizing
microvascular changes.

In accordance with the aforementioned findings, Mihailovic
et al. were able to replicate these results in 22 patients with SSc and
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22 healthy controls. The vascular density of the superficial OCT
angiogram (OCTA-SCP), and the choriocapillaris (OCTA-CCP)
was significantly lower in SSc patients (OCTA-SCP: SSc group:
43.10%, control group: 45.25%, p =0.036; OCTA-CC: SSc group:
111.07%, control group: 116.96%, p = 0.001). Interestingly, they also
reported an association between nailfold capillaroscopy results and
vascular density. Their correlation analysis demonstrated a negative
correlation between skin score and vascular density of OCTA-SCP
(p < 0.05) and a positive correlation between nailfold capillaroscopy
and vascular density of OCTA-CC (rho = 0.456, p <0.05) (101).

A recently published study by Cutolo et al. highlighted the link
between peripheral vascular damages (as assessed by nailfold video
capillaroscopy (NVC) for morphological microvascular statuses
and laser speckle contrast analysis (LASCA) to assess the
functional perfusion) and ocular vascular changes detected by
OCT-A. An important finding was the direct correlation between
the mean capillary count at NVC and the retinal perfusion values of
the superficial and deep vascular plexus (SVP and DVP) in OCT-A
(r=0.3, p=0.01 and r=0.28, p=0.01) in 32 SSc patients when
compared to 27 sex- and age-matched healthy controls. The mean
peripheral perfusion, assessed by LASCA, showed a positive
correlation with both the retinal (DVP) and choroidal
(choriocapillaris slab, CC) perfusion (r=0.29 (DVP) and r=0.28
(CC), both p=0.01) (102).

A further possible utility of OCT-A seems to be in the
distinction between primary Raynaud’s phenomenon (PRP) and
SSc, as shown in a cross-sectional study by Erturk et al. (103). A
group of 38 SSc patients was included and further divided into very
early SSc (VEDOSS), limited cutaneous SSc (1cSSc) and diffuse
cutaneous SSC (dcSSC). Herein, it was found that the PRP group
exhibited significantly higher whole, parafoveal, and perifoveal SCP
and DCP vascular density values compared to the SSc subgroups
(all; p < 0.001). In contrast, the 1cSSc group had significantly lower
foveal SCP vascular density than both the PRP and VEDOSS groups
(p < 0.001). Additionally, the dcSSc group showed significantly
lower foveal SCP vascular density than the PRP group (p < 0.001).
However, the perifoveal SCP vascular density values were found to
be significantly higher in the dcSSc group compared to the 1cSSc
group (p < 0.001). Lastly, the FAZ perimeter in the 1cSSc group was
significantly greater than that in the VEDOSS group (p =
0.017) (Table 2).

To summarize, OCT-A provides a non-invasive method for
visualizing and quantifying microvascular structures in the retina
and choroid. It has demonstrated significant utility in detecting
early signs of diseases such as diabetic retinopathy, retinal vascular
occlusion, and age-related macular degeneration, offering valuable
insights into microvascular changes without the need for invasive
dye injections. Additionally, OCT-A has shown promise in
assessing microvascular alterations in patients with systemic
diseases with evidence suggesting its potential use in evaluating
disease activity, early ocular involvement, and medication side
effects. Importantly, different associations between OCT-A values
and CV-risk factors could be found in patients with ARDs (e.g.
negative associations of vessel density with systolic blood pressure,
cIMT (98), and age (97)). Moreover, abnormal QRISK3 score and
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cIMT values were identified as independent risk factors for changes
in the retinal vessels (98). These findings suggest that OCT-A may
hold diagnostic value in cardiovascular screening and the detection
of microangiopathy in ARDs. However, systematic data and
consistent longitudinal examinations of its utility in ARDs are
still scarce.

4.3 Spectral Domain Optical Coherence
Tomography (SD-OCT)

4.3.1 Definition of SD-OCT

This method utilizes a spectrometer to simultaneously measure
multiple wavelengths of light. This provides faster and more
efficient data acquisition of the tissue layers of the retina, while
reducing artifacts and improving the resolution of the generated
images in comparison to traditional OCT (57, 104). OCT enables a
structural examination of the retinal layers and potential diseases.
The high axial resolution of 3 to 5 um allows a precise diagnosis and
the possibility to detect early changes in follow-up examinations
(105). Figure 4 shows the different retinal layers at the macula
provided by SD-OCT (left section).

4.3.2 Evidence from the general population

A meta-analysis of 12 studies from Salehi et al. (106) included
various SD-OCT parameters to measure the choroidal thickness of
patients with obesity (634 patients and 569 controls) and reported
thinner ocular layers in isolated regions of the retina in patients with
higher BMI than in controls (sub-foveal region (standardized mean
difference SMD: -0.24, p = 0.05), region 1.0 mm nasal to fovea
(SMD: -0.38, p<0.01; region 1.0 mm temporal to fovea (SMD: -0.38,
p = 0.05). In another systemic review from the same authors (107)
which included 25 studies with 1,632 cases of age-related macular
degeneration and 1,445 healthy controls, a significant thinner
subfoveal choroidal thickness in obese individuals was also found
(SMD, -0.62, p = 0.0077). In different retinal regions like nasal and
temporal to the fovea, they also found significant decreased choroid
thickness. These abnormalities could impact the visual function.

Furthermore, OCT of the choroid has a high diagnostic value
for various ophthalmological entities. The group of pachychoroid
spectrum diseases (among others central serous retinopathy,
pachychoroid neovasculopathy and polypoidal choroidal
vasculopathy) exhibit dilated choroidal vessels, the so-called
pachyvessels, and an increased choroidal thickness, which can be
detected by OCT. On the other hand, age-related macular
degeneration (108), severe diabetic retinopathy (proliferative or
diabetic macular edema) (109) and acute anterior ischemic optic
neuropathy (110) are associated with a thin choroidal thickness.

Aydin et al. evaluated in a prospective cross-sectional study the
SD-OCT parameters central macular thickness (CMT) and
choroidal thickness (CT) in 92 patients with CV-risk factors
(measured via SCORE) and 21 healthy individuals. CT was
significantly lower at the subfoveal location in all study groups
(p < 0.05), as well as in the nasal and temporal quadrants of the high
CV-risk and coronary arterial disease group (p <0.05) (111).
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This indicates that ocular microvascular changes could be used as
a promising new biomarker for predicting the occurrence of
coronary heart disease in the future.

A further cross-sectional study compared advanced SD-OCT
and OCT-A parameters in chronic hypertension, severe
hypertensive retinopathy, and healthy controls (112). The
hypertensive group (n = 45 eyes) showed significantly lower OCT
parameters compared to healthy controls (n = 50 eyes). Notably, a
significant correlation was found between OCT-A and SD-OCT
parameters in the hypertensive group, but not in controls. OCT-A
also revealed reduced vascular and perfusion density and a
significantly larger FAZ area in hypertensive patients. These
findings suggest that chronic hypertension or past hypertensive
episodes impact retinal microcirculation, ultimately affecting
retinal thickness.

To summarize, studies of SD-OCT in the general population
found correlations with traditional CV risk factors like BMI and

hypertension and with the SCORE system.

4.3.3 Evidence in patients with autoimmune
rheumatic diseases
4.3.3.1 Systemic lupus erythematosus

In a study examining 46 SLE patients, 32 without (NLR) and 14
with lupus retinopathy (LR), Bao et al. demonstrated that the
superficial retinal capillary plexus (SRCP) density was
significantly lower in the NLR group than in the 50 healthy
control subjects (58). Furthermore, the LR group exhibited a
further reduction in density (control 5.8 + 0.5 vs. NLR 5.6 + 0.4,
p=0.007;vs. LR 5.3 £ 0.5, p < 0.001). The authors hypothesized that
this could be an early indicator of alterations in ocular structures, as
well as a potential marker for disease progression (58).

4.3.3.2 Systemic sclerosis

Pieklarz et al. compared in two studies (2023 and 2024) 33 SSc
patients to 40 healthy controls via SD-OCT and found that the
peripapillary choroidal vascularity index was significantly lower in
patients (2023: 64.25+1.94 vs. 65.73+2.12, p<0.001 2024:
67.26 £2.63 vs. 66.30 +2.82 p<0,05) (113, 114). The choroidal
vascularity index (CVI) calculates the ratio of the luminal area
(LA) to the total choroidal area (TCA) and thus enables a
quantitative analysis. Their results place a new focus on the
impairment of the choroid, which would support the vascular
hypothesis for an elevated risk of glaucomatous optic neuropathy
in patients with SSc.

CVI may be altered in various ocular and systemic diseases,
however, so far it has only been applied in studies, validation in
large population-based studies is lacking and the clinical relevance
is not conceivable.

In a further study, Carnevali et al. (99) highlighted the ability of
SD-OCT to detect ocular microvascular density abnormalities in
patients with SSc. They analyzed the eyes of 20 SSc patients and 20
control subjects. Patients had significantly lower deep capillary
plexus vessel density compared to control (47.29 (3.49) vs. 50.81
(3.71), p = 0.00). However, no significant difference was observed in
CVI and superficial capillary plexus (SCP) (CVI: 66.58 (1.13) vs.
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66.70 (1.83), p = 0.80; SCP: 45.67 (5.21) vs. 45.64 (322), p =
0.98) (Table 2).

To our knowledge, there are no studies examining SD-OCT in
RA patients to date.

To summarize, SD-OCT is an advanced imaging technique that
allows for high-resolution, non-invasive structural analysis of the
retina and choroid. It has shown benefits in assessing ocular
changes in various conditions, such as obesity, age-related
macular degeneration, and diabetic retinopathy, where it can
detect both thinning and thickening of the choroid. The few
existing data on SD-OCT also suggest a possible value in
identifying early microvascular alterations and potential ocular
complications in ARDs like SLE and SSc. However, associations
of SD-OCT with CV associated parameters have been only
examined in the general population and not in patients with the
included ARDs.

4.4 Retrobulbar color Doppler

4.4.1 Definition of retrobulbar color Doppler

The retrobulbar color Doppler examination is used to assess
ocular blood flow, which is frequently impaired in the presence of
CV disease, including carotid artery occlusion, cerebrovascular
disease, heart failure, and acute coronary syndrome (61). The
method allows for the visualization of the direction and speed of
blood flow without providing any information about vessel
diameter. Consequently, in some studies, OCT measurements are
integrated to obtain comprehensive data on vessel diameter, density
and anatomical course (61). The following parameters are
determined: the peak systolic flow velocity (PSV), the end
diastolic flow velocity (EDV), and the resistance index (RI). The
Rl is defined as the ratio of the difference between PSV and EDV to
PSV (RI = (PSV — EDV)/PSV) (61).

4.4.2 Evidence from the general population

Retrobulbar Doppler indices were evaluated in 66 patients with
transient ischemic attack (TTA) or minor stroke (115). Patients with
carotid occlusive disease exhibited reduced flow velocities in the OA
and CRA (all p < 0.02). In this work, it could be shown that CDI is
suitable for the detection of carotid occlusion. Measuring blood flow
velocities in the OA and CRA was pointed out as a valid method to
identify patients with carotid stenosis, indicating its possible use to
give additional information on hemodynamics of carotid arterial
disease (115).

Similarly, Reynolds et al. demonstrated that Doppler ultrasound
is an effective diagnostic tool for detecting ipsilateral stenosis or
occlusion of the ACL In a study of 152 patients, a reversed flow
direction in the orbital artery on one side was found to be a highly
specific (100%) marker for high-grade ipsilateral carotid artery
stenosis or occlusion (116).

In another study of 18 patients with chronic heart failure
symptoms and left ventricle ejection fraction below 55%
compared to 21 healthy controls, Almeida-Freitas et al. (117)
found that patients revealed significantly lower mean diastolic
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velocities (5.14 + 2.4 cm/s vs. 7.44 + 3.5 cm/s, p = 0.007) and
higher RI (0.76 + 0.08 vs. 0.70 + 0.08, p=0.04) of the ophthalmic
artery (OA). Additionally, they showed a negative correlation
between systolic blood pressure and the RI of the OA (r = -0.47,
p =0.007), as well as a positive correlation between diastolic velocity
of the OA and systolic blood pressure (r = 0.44, p = 0.02). The
authors concluded a possible association to low cardiac output.

Meng et al. summarized data of changes in retrobulbar blood
flow measured with retrobulbar color Doppler in a relevant meta-
analysis (118). They investigated 13 prospective studies involving
912 eyes from diabetic patients and 553 eyes from healthy controls.
The comparison revealed significant differences in color Doppler
ultrasound between diabetic eyes without retinopathy and healthy
eyes. Specifically, PSV and RI of the ophthalmic artery were elevated
(mean difference PSV: 2.25, 95% CI 0.80-3.71, p = 0.002; RI: 0.03,
95% CI0.01-0.66, p = 0.02). Additionally, both the PSV and EDV of
the CRA were decreased (mean difference PSV: -2.44, 95% CI -2.41
to -0.66; EDV: -0.65, 95% CI -1.13 to -0.18; p = 0.07 for both).
Furthermore, significant differences were observed between patients
with diabetic retinopathy and healthy controls in the following
parameters: EDV of the OA and the CRA were significantly reduced
in patients (mean difference OA: -1.59, 95% CI -2.46 to -0.72;
CRA: -1.18, 95% CI -1.52 to —-0.84; both p < 0.001). Moreover, the
RI of the OA was higher in the patient cohort compared to the
control group (mean difference RI: 0.05, 95% CI 0.02 to 0.08; p =
0.008). These findings suggest that retrobulbar color Doppler could
potentially be a valuable diagnostic tool for evaluating
microangiopathy in diabetic patients.

Karami et al. conducted a comparative analysis of
hemodynamic changes in retrobulbar vessels between diabetic
retinopathy patients (n = 98) and a healthy control group (n =
25). They found a significantly higher RI (p = 0.009) and pulsatility
index (PI, p = 0.029) in the ophthalmic arteries of diabetic
retinopathy patients than in controls (119).

4.4.3 Evidence in patients with autoimmune
rheumatic diseases
4.4.3.1 Rheumatoid arthritis

Kal et al. have examined ocular blood flow in patients with RA
(60). A total of 20 RA patients and 20 healthy control subjects were
included in the study. In each eye, the OA and the CRA were
examined with retrobulbar color Doppler ultrasound using a 7.5-
MHz linear phase probe. The following parameters were
determined: PSV, EDV, and RI. The PSV values of the patients
were significantly higher for the OA (p = 0.001; p < 0.001) and the
CRA (p = 0.020; p = 0.004). Similarly, the RI values of patients from
the ophthalmic (p = 0.001) and CRA (p = 0.005) were significantly
higher. In addition, OCT revealed that the perifoveal and subfoveal
choroidal thickness were reduced in the patient group.

Unal et al. conducted similar Doppler examinations in a RA and
a control group, analyzing 25 patients with active RA and
comparing them with 24 healthy subjects (120). A significant
positive correlation was observed between the RI of the OA and
the Disease Activity Score (DAS 28) (p = 0.02, r = 0.199).
Additionally, median RI values of the OA, posterior ciliary artery
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(PCA), and CRA differed significantly between patients with active
RA (evaluated by DAS 28) and the control group (p < 0.05).

These findings are consistent with those of Erdogmus et al., who
also utilized Doppler sonography to investigate orbital blood flow in
35 RA patients compared to 35 healthy subjects (121). Significant
differences were observed in PSV, EDV, and RI of the ophthalmic
artery and OA, as well as RI of the CRA between the control and RA
patient groups. Importantly, a slightly lower ocular blood flow was
observed in RA patients compared to controls.

4.4.3.2 Systemic lupus erythematosus

Xue et al. demonstrated significant alterations in retrobulbar
vessel blood flow in patients with SLE (122). By employing color
Doppler ultrasound and evaluating the same arteries and parameters
as described above, a correlation was identified between disease
activity and the PI values of the ophthalmic arteries. The authors
reported decreased blood flow velocity in SLE patients along with
increased RI and PI in the PCA and CRA (p < 0.05).

Modrzejewska et al. found retrobulbar resistance disturbances
in a study of 43 female SLE patients and a 43 female controls
measured by RI in various arteries (123). The color Doppler
ultrasound in all measured arteries, the OA, the CRA, the
posterior lateral ciliary artery (LPCA) and the medial posterior
ciliary artery (MPCA), showed a significant increase in RI in the
patient group compared to the controls (mean values; ophthalmic
artery 0,73 vs. 0,68; CRA 0,67 vs. 0,64; LPCA 0,67 vs. 0,61; MPCA
0,66 vs 0,60; all p < 0.01). In addition, correlations were identified
between age and the CRA-RI of SLE patients (p = 0.0376).

Similarly, Wright et al. (124) utilized Doppler sonography to
investigate changes in microangiography in 54 SLE patients and 32
control subjects. They examined the OA, CRA and common carotid
artery (CA) for changes in the morphology of the flow velocity
waveforms and tested the correlation with RI. No significant
difference was observed between the groups with regard to RI in
any of the evaluated arteries (OA 0.71 £ 0.08 vs 0.70 + 0.10; CRA
0.68 +0.11 vs 0.70 £ 0.09; CA 0.69 + 0.10 vs 0.69 + 0.11). However,
the morphology of the flow curves showed different dynamics in the
microvasculature of the ocular vessels in the SLE patients.
Moreover, a significant difference was observed in the
morphology of the velocity waveform within the low frequency
range (1.0-1.8 Hz) in SLE patients compared to controls,
particularly in the OA and the CRA (p < 0.05) (Table 2).

To summarize, retrobulbar color Doppler ultrasound is a
valuable diagnostic tool for assessing ocular blood flow in
systemic diseases. It allows for measuring the PSV, EDV, RI and
PI in key ocular vessels such as the OA and the CRA. Current
studies revealed promising insights into autoimmune diseases like
RA and SLE by identifying changes in blood flow and vascular
resistance in ocular and other vessels. Given that alterations in
ultrasound indices in the general population are often linked to
increased CV risk or past CV events, it is possible that similar
associations exist in rheumatic diseases. However, large longitudinal
studies with follow-up are needed to further explore and clarify
these associations.
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5 Discussion

It is well established that patients with ARDs are at an elevated
risk of developing CV disease (e.g. stroke, coronary artery occlusion
myocardial infarction). Therefore, early detection of CV risk factors
and pathological vascular changes is crucial in these patient
populations. Nevertheless, current evidence supporting the
effective stratification and early detection of CV risk remains
limited, and traditional CV risk scores have been shown to
underestimate risk in ARDs. Several surrogate markers have been
proposed as potential means of identifying high-risk patients in the
early stages. However, these markers are not yet used routinely in
clinical settings.

Microangiopathy has been described to lead to an increased
vascular resistance and therefore reduced blood flow to the end
organs. Consequently, the eye, often referred to as the “window to
the heart,” appears to be a valuable organ for assessing
microvascular changes. Ocular analyses seem to be able to reveal
CV risk before other surrogate parameters do. The non-
invasiveness of the measurements is particularly favorable. In
particular, OCT-A appears to be a highly promising technique,
offering a relatively simple and highly reproducible approach.
Another advantage is the standardized evaluation of results,
which is based on automated software. SD-OCT also enables
faster and more efficient data collection of the retina while
reducing artifacts compared to conventional OCT. Additionally,
RVA offers several advantages, including cost-effectiveness, the
absence of radioactive radiation, and robust inter-examiner
reproducibility. The advantages of retrobulbar color imaging
include its accessibility in numerous clinical settings and its
capacity to evaluate vascular conditions and detect other ocular
pathologies, which can be readily identified by trained personnel. In
this review, we provided a comprehensive overview of these
markers, examining their associations with key CV risk factors,
disease activity, surrogate CV parameters, and traditional CV
risk scores.

The studies discussed herein have however several limitations.
First, small sample sizes and heterogeneity in methodologies and
measured parameters limit the generalizability of results and
prevent the recommendation of a standardized approach for
incorporating these markers into CV risk stratification strategies.
On the other hand, these markers have demonstrated predictive
value for CV events in the general population, and initial data in
ARDs show promising potential. Second, the studies did not allow
for prognostic conclusions regarding the value of the included CV
surrogate markers in predicting actual mortality or morbidity in
ARDs, as most were not conducted in a longitudinal manner.
Future research should focus on larger patient populations and
establish associations between these surrogate markers and hard CV
outcomes through well-designed follow-up studies.

In conclusion, this review underscores the opportunities
provided by various methods for assessing the eye’s microvascular
status in patients with ARDs. We also aimed to highlight the
significance of early detection of risk factors and pathological
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vascular changes in these patient populations. Looking ahead,
artificial intelligence holds the potential to significantly enhance
the evaluation of ocular imaging, offering a promising approach for
the early detection of CV risk. As early microvascular lesions can be
reversed, incorporating diagnostic methods such as OCT-A with
advanced imaging techniques, RVA, and retrobulbar color Doppler
into regular check-ups could facilitate early diagnosis, prevent CV
events, and ultimately improve patient outcomes and quality of life.
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